We present the analysis of seven Chandra High Energy Transmission Grating Spectrometer and six simultaneous RXTE Proportional Counter Array observations of the persistent neutron star (NS) low-mass X-ray binary GX 13+1 on its normal and horizontal branches. Across nearly 10 years, GX 13+1 is consistently found to be accreting at 50−70% Eddington, and all observations exhibit multiple narrow, blueshifted absorption features, the signature of a disk wind, despite the association of normal and horizontal branches with jet activity. A single absorber with standard abundances cannot account for all seven major disk wind features, indicating that multiple absorption zones may be present. Two or three absorbers can produce all of the absorption features at their observed broadened widths and reveal that multiple kinematic components produce the accretion disk wind signature. Assuming the most ionized absorber reflects the physical conditions closest to the NS, we estimate a wind launching radius of 7×10 . This is consistent with the Compton radius and also with a thermally driven wind. Because of the source's high Eddington fraction, radiation pressure likely facilitates the wind launching.
INTRODUCTION
Warm absorbers (partially ionized gas) are common to both black hole (BH) and neutron star (NS) lowmass X-ray binaries (LMXBs), identified through the narrow absorption features imprinted on the illuminating continuum. A group of warm absorbers have only been seen in sources with high inclinations, indicating the absorbing material is associated with the accretion disk. In all BH LMXBs and a subset of the NS binaries, the absorption features are blueshifted (Ponti et al. 2012; Díaz Trigo & Boirin 2013 Ponti et al. 2016) ; the absorbing material forms an outflow known as an accretion disk wind. When blueshifts are not present, the absorber is in a static configuration and is commonly called an accretion disk atmosphere. Warm absorbers were first observed in active galactic nuclei (AGNs) in the 1970s and later in X-ray binaries with the launch of ASCA in the 1990s (Ueda et al. 1998; Kotani et al. 2000) . The high-resolution gratings onboard Chandra and XMM subsequently revealed the complexity and ubiquity of the warm absorbers in LMXBs and, in the case of accretion disk winds, showed them to be a major component of the accretion picture (Neilsen et al. 2011; Ponti et al. 2012; Ponti et al. 2014) .
The warm absorbers' ionized resonance features are most often transitions in highly ionized species of iron, including the Kα line of Fe XXV and Fe XXVI, although some sources' spectra exhibit over 90 absorption lines from transitions in dozens of ionized species, such as the BH binary GRO J1655−40 (Miller et al. 2006; Kallman et al. 2009 ). A single absorption zone can often explain the absorption features, but in a number of sources, especially those with features other than iron lines, multiple absorption zones can more accurately reproduce the complex absorption signature. In the case of accretion disk winds, outflow speeds are typically in the range 300−1000 km s −1
, although ultrafast outflows with velocities of 0.01−0.04c have been reported (Miller et al. 2015 (Miller et al. , 2016a . As the absorption features are only seen in high-inclination LMXBs (60 • < i < 80
• constrained by the presence of dips in light curves; Frank et al. 1987) and no significant line re-emission is observed, the absorbers are believed to have an equatorial geometry with a small opening angle or possibly a bipolar geometry with strong stratification in density and/or ionization above the accretion disk plane (Díaz Trigo & Boirin 2013; Higginbottom & Proga 2015) .
In BH LMXBs there is a strong correlation between mass outflow and the accretion state. Accretion disk winds detected via blueshifted absorption features are found almost exclusively in soft spectral states, when the accretion disk is optically thick and the spectrum is diskdominated (Ponti et al. 2012) . Jets, detected via strong radio emission, are active in the hard spectral states, when the inner disk is believed to be optically thin and the spectrum has significant nonthermal emission. The blueshifted, narrow absorption features are also absent in hard states of high-inclination sources, suggesting the accretion disk wind is absent. There are, however, significant exceptions to the outflow−accretion state correlation; there is strong evidence that in at least five disk wind sources, including BH LMXB GRS 1915+105, winds and jets are simultaneous in luminous hard spectral states (Lee et al. 2002; Homan et al. 2016) .
NSs may show a similar correlation between accretion state and outflow (Ponti et al. 2014; Bianchi et al. 2017 ), but only 30% of high-inclination NS warm absorbers ex-hibit definite outflows (Díaz Trigo & Boirin 2016) . In addition, NS LMXB outburst tracks are more varied than those of BHs , and several NSs are included in the subset of disk wind systems with possible simultaneous jets and winds . NS LMXBs are classified by their behavior as atoll or Z sources, the latter being brighter (L X > 0.5 L Edd ) and less variable. In general, NSs are softer than BHs in outburst, in part due to the thermal boundary layer emission, but even NSs show significant variety in spectral softness depending on their classification, with Z sources being much softer overall than atoll sources. These issues compound to make the outflow−spectral state correlation less obvious in NS LMXBs compared to BHs.
Radiation pressure, Compton heating, and magnetic forces can all launch outflows in accretion disk systems. In NS and BH LMXBs, the warm absorber plasmas are highly ionized, leaving too few transitions in the UV and the soft X-ray for line driving to be an effective wind launching mechanism (Proga & Kallman 2002) . In a Compton-heated outflow,
4
, the accretion disk is strongly irradiated by the central X-ray-emitting region; beyond some point in the disk, the thermal velocity exceeds the local escape velocity, generating an outflow. Several BH LMXBs, including GRO J1655-40 and GRS 1915+105 (Miller et al. 2006 (Miller et al. , 2016b , have exhibited fast and/or dense outflows. Magnetorotational instabilities or magnetocentrifugal forces can launch winds very close to the central compact object, which can account for the high wind densities and large blueshifts. There is also the possibility that different wind driving mechanisms are active at the same time but dominate in different spectral states and/or luminosities (Neilsen & Homan 2012; Homan et al. 2016 ), due to a hybrid wind driving mechanism. For the brightest disk wind sources accreting at near-Eddington rates, radiation pressure on electrons should increasingly contribute to the wind driving in addition to the dominant mechanism (Proga & Kallman 2002; Homan et al. 2016; Done et al. 2018; Tomaru et al. 2018) .
Determining disk wind launching mechanisms and spectral state dependence have powerful implications beyond understanding disk wind properties. While disk winds are relatively slow outflows (v 0.01c), they can carry significant mass away from the binary, comparable to the accretion rate. High mass-loss rates can create accretion disk instabilities which may produce luminosity modulations or instabilities that may drive state transitions (Begelman & McKee 1983; Shields et al. 1986) , and may also be significant enough to alter binary and spin evolution timescales (Ponti et al. 2012) . A complete picture of outflows in stellar mass compact object systems will help tp understand accretion on much larger mass scales, including supermassive BHs in AGNs which also exhibit powerful jets and winds.
NS LMXB GX 13+1
The NS LMXB GX 13+1 (also known as 4U 1811−171) is a bright, persistent accretor located in the Galactic bulge. It orbits an evolved late-type K5 III star (Fleischman 1985; Bandyopadhyay et al. 1999) and has an estimated distance of 7±1 kpc (Bandyopadhyay et al. 1999) . Studies of infrared and X-ray light curve modulations (Corbet et al. 2010; Iaria et al. 2014 ) as well as X-ray dips (D'Aì et al. 2014) , support a binary orbital period of 24.7 days and a highly inclined orbit (60
• −80
• ; Díaz Trigo et al. 2012) .
Originally classified as an atoll source (Hasinger & van der Klis 1989) , GX 13+1 was later re-classified as a Z source due to strong secular evolution of its color−color and hardness−intensity diagrams (CDs and HIDs), rapid movement along its CD & HID tracks, and variability levels, all behaviors consistent with other well-established Z sources (Homan et al. 1998; Fridriksson et al. 2015) .
A warm absorber in GX 13+1 was first discovered by Ueda et al. (2001) , made evident by an iron Kα absorption line in GX 13+1's ASCA spectrum. Subsequent Chandra and XMM observations revealed a more detailed picture of the ionized material's properties via its absorption imprinted on GX 13+1's spectrum. Analyzing a set of XMM-Newton European Photon Imaging Camera (EPIC) observations, Sidoli et al. (2002) ), indicating disk winds are a significant component of the accretion process in GX 13+1. Ueda et al. (2004) favored a radiation-driven outflow that develops at sub-Eddington luminosities for the accretion disk wind in GX 13+1. In later XMM RGS observations of GX 13+1 Díaz Trigo et al. (2012) found strong correlations between the hard flux and the warm absorber's properties (column density and ionization), concluding the absorber was consistent with a Comptonheated disk wind. Madej et al. (2014) analyzed all available Chandra gratings observations of GX 13+1 in an attempt to measure orbital parameters using the disk wind, but were hindered by the intrinsic variability of the source and the wind. In this paper we present a re-analysis of the same set of archived Chandra HETGS observations with the primary goal of understanding the evolution of this wind. We perform detailed absorption line fitting and utilize RXTE data to track the disk wind properties throughout the system's CD. In contrast to previous studies that assumed a single absorber, we find that the disk wind must comprise multiple absorption zones.
OBSERVATIONS
In our study of GX 13+1's accretion disk wind, we utilize a dataset of seven Chandra HETGS observations, 
Chandra Observations
We have analyzed all seven Chandra HETGS (Canizares et al. 2005 ) observations of GX 13+1, for a total exposure of approximately 190 ks. The observations span 10 years, with five of the observations taken during a two week timespan in 2010 July and August. Observations were taken in both timed exposure (TE) and continuous clocking (CC) modes with the Advance CCD Imaging Spectrometer S-array (ACIS-S). For TE mode observations, a 350-row subarray was used, yielding a 1.24 s frame time. In CC mode, spatial information was collapsed into 1 row, reducing the frame time to 2.85 ms.
The Chandra data were downloaded from the Chandra Data Archive 5 and re-processed using the TGCat (Huenemoerder et al. 2011 ) run_pipe script with CIAO 4.9 (Fruscione et al. 2006 ) and CALDB 4.5.0 in ISIS 6 version 1.6.2-30 (Houck & Denicola 2000) . Our GX 13+1 HETGS data processed with CIAO 4.9 differ slightly from data processed with older versions of CIAO due to changes in the correction for contaminant build-up on Chandra's optical blocking filter. The most significant deviations approach the 10% level at long wavelengths (> 8 Å) for both the High Energy Grating (HEG) and Medium Energy Grating (MEG) first orders.
The zero-order position determines the absolute accuracy of the wavelength measurements. As GX 13+1's zeroth order is significantly piled-up in TE mode observations, we cannot use a centroid calculation due to the distorted point spread function. We used findzo to calculate the zero-order position from the intersection of the MEG spectrum and the ACIS frame-shift streak, which provides a zero-order position accuracy of less than 0.1 ACIS-S detector pixels, corresponding to 0.001 Å for the HEG and MEG first orders. First-order redistribution matrix files (RMFs) and ancillary response files (ARFs) were created with the run_pipe script.
D 'Aì et al. (2014) reported a dipping event approximately halfway through ObsID 11814. Dips have been associated with spectral changes in both the warm absorber and neutral absorption column (Díaz Trigo et al. 2006) . We removed the dip event, including the ingress 5 http://cxc.harvard.edu/cda/ 6 http://space.mit.edu/cxc/isis/ and egress of the event based on times reported by D' Aì et al. (2014) and performed spectral analysis only on the non-dipping spectrum.
We used the AGLC script 7 in ISIS to create the ACIS-S grating light curves and compute hardness ratios. Hardness ratios are defined as the number of hard counts (3 − 8 keV) divided by the number of soft counts (0.5 − 3 keV). The count rate varied on the level of 15%, but we found no significant changes in the source's intensity or spectral hardness, so we analyzed observations whole, except for ObsID 11814 as stated above.
RXTE Observations
We also analyzed data from the RXTE PCA (Jahoda et al. 2006) .
For a list of the individual RXTE /PCA observations that were performed simultaneously with our Chandra observations we refer to Table 1 in Homan et al. (2016) . As the RXTE continuum parameters did not vary significantly between orbits, we summed the individual orbit event files using the sumpha tool to produce a single RXTE spectrum for each corresponding Chandra HETGS observation.
For our X-ray CDs of GX 13+1, we made use of RXTE /PCA data published in Fridriksson et al. (2015) . We refer to that paper for the details of the data reduction. GX 13+1 exhibits significant secular motion of its Z track on the timescales of days or longer. Fridriksson et al. (2015) organized the source's RXTE data into six different CD tracks. Correlating the source's RXTE position on the Z tracks during our Chandra HETGS observations, see Figure 1 , ObsIDs 2708, 11815, and 11816 fall on one Z track that has less distinct branches , while GX 13+1 moved along the horizontal branch (HB) and normal branch (NB) on another Z track during ObsIDs 11814, 11817, and 11818.
ANALYSIS AND RESULTS
All spectral analysis was performed within ISIS. Errors on fit parameters were calculated with conf_loop and correspond to the 90% confidence bounds (σ = 1.6, ∆χ 2 = 2.71). All quoted chi-squared values, χ 2 ν (dof ), are reduced. We used the calc_flux ISIS tool to calculate (absorbed) fluxes and (unabsorbed) luminosities. The 0.5 − 10 keV and bolometric (0.1 − 100 keV) luminosities were calculated assuming a distance of 7 kpc. Figure 1 . Two of GX 13+1's Z track CDs with the color-coded points corresponding to six of the Chandra observations that occurred simultaneously with RXTE monitoring. In several observations, including ObsID 11816, the source only moved slightly along the Z track during the course of the observation (from the lower HB to the upper NB), while in ObsID 11817 the source moved along the entire horizontal branch, from the NB/HB vertex to the NB/FB vertex.
for a 1.4 M ⊙ NS with a hydrogen-rich photosphere.
We fit the uncombined HEG and MEG ±1 orders with matched spectral grids across the 1.65 − 9.5 Å (1.3 − 7.5 keV) range, corresponding to a resolution of 0.023 Å across our energy band. Each bin contained a minimum of 20 counts which allowed us to use χ 2 statistics. While the HEG has twice the spectral resolution as the MEG and experiences less pile-up, our spectral analysis benefited from the additional MEG counts. Continuum and line parameters were better constrained when both HEG and MEG first orders (± 1) were used 8 . ObsID 13197 was a CC mode calibration observation; two arms (MEG −1 and HEG +1) fell off the CCD, leaving only the MEG +1 and HEG −1 orders.
For the RXTE /PCA data, the background subtracted spectra were extracted from the Proportional Counter Unit 2 and a systematic error of 0.6% was added. Bins between 3 and 40 keV were noticed in the continuum fits.
3.1. Continuum Fitting 3.1.1. Pile-up As GX 13+1 is bright (≈0.2 Crab) and five of the seven observations were taken in TE mode, spectra can suffer from significant pile-up. Pile-up has effects of energy and event grade migration that reduce the total source count rate and distort the observed spectral shape
9
. We used the ISIS convolution model simple_gpile2 to quantify and mitigate the pile-up effects (Nowak et al. 2008; Hanke et al. 2009 ). The TE mode observations experienced maximum pile-up at 3 Å (≈ 4.1 keV).
In addition to generating spectral distortion, pile-up has the effect of reducing an absorption feature's measured equivalent width (EW). The local pile-up fraction is proportional to the local count rate, which means that the local continuum is more suppressed relative to the absorption feature, reducing the observed EW. Our at-8 The only exceptions are the Fe XXVI andFe XXV absorption lines and the broad iron emission line, for which we excluded the MEG due to its low effective area at 7 keV.
9 http://cxc.harvard.edu/ciao/download/doc/pileup_abc.pdf tempt to correct the EWs due to pile-up suppression is outlined in Section 3.2. While the CC mode observations have a significantly shorter frame time making pile-up essentially negligible, they do not help us quantify the pile-up effects on the continua of the TE mode observations due to contamination by an X-ray scattering halo. GX 13+1 is highly absorbed and the CC mode continua include the dispersed scattering halo, which is difficult to model.
ISM Absorption
The neutral absorption column toward GX 13+1 is known to be large, with published values in the range of N H = (3 − 5) × 10 (N H,22 = 3 − 5; Ueda et al. 2001; Díaz Trigo et al. 2012; Schulz et al. 2016) . We used the absorption model tbnew v2.3, with the abundances set to those of Wilms et al. (2000) and the crosssections set to Verner et al. (1996) .
In our joint fits of the Chandra HETGS and RXTE /PCA data, we found that the χ 2 ν was improved when we allowed the column density to vary between the two datasets. The Chandra HETGS data were well-fit with column densities in the range of N H,22 = 4.9 − 5.0, while for the RXTE /PCA data, N H,22 = 3.5 − 3.9. The Chandra HETGS column density was consistently ≈ 30% higher than that of the RXTE /PCA column density and is likely associated with the X-ray scattering halo. Chandra's field of view is narrow relative to RXTE 's and, thus, the Chandra HETGS observations do not include the X-ray scattering halo, while the RXTE /PCA observations do. The scattered X-rays from the halo are an additional source of low-energy flux in the RXTE spectrum, which can be modeled, to first order, with a lower neutral column density. We leave a more complete investigation of the X-ray scattering halo's effects on the joint analysis of Chandra and RXTE data to a future paper.
We also found that the χ 2 ν value was always improved when the silicon abundance of the HETGS tbnew component was allowed to vary, yielding silicon overabundances between 2.0 and 2.1. The required silicon abundance is due to tbnew 's incomplete modeling of the Si K edge (Schulz et al. 2016) . Additional structure in the Si K-edge, i.e. the near and far edge absorption, is apparent, including a line at 1.865 keV likely associated with a moderately ionized plasma in GX 13+1. We did not attempt to model the silicon edge beyond allowing for the overabundance in tbnew.
Continuum Models
When fit by itself, the GX 13+1 Chandra HETGS continuum was consistent with multiple model prescriptions as the large interstellar medium (ISM) absorption (N H,22 > 1) reduces the soft X-ray sensitivity and limits our ability to distinguish between continuum models. We found the diskbb+bbodyrad and bbodyrad+powerlaw continuum models, the most common models for NS LMXBs accreting at high rates, performed equally well.
Joint fits of the HETGS and PCA spectrum required three major spectral components; we fit a diskbb+bbodyrad+powerlaw model to the broadband continuum. Both the HETGS and PCA spectra were modified by neutral absorption columns with variable column densities. The HETGS continuum also included the pile-up convolution model simple_gpile2 and seven narrow absorption features modeled with negative Gaussians (see Section 3.2).
The PCA spectrum was modified by two edge components: one with a fixed energy (8.83 keV) and another left free to vary, yielding an average fit value of 7.1 keV. Both edges were required to obtain good χ 2 ν values for our fits of the RXTE data. The edge at 8.83 keV is unresolved in the PCA spectrum but is seen in the XMM GX 13+1 spectrum (Díaz Trigo et al. 2012) , while the edge at 7.1 keV is likely a superposition of narrow iron absorption features and a broad iron emission line. Details of fitting a broad emission line to the Chandra data are in Section 3.1.4.
The continuum fit to the TE mode observations is shown in Figure 2 and the continuum parameters can be found in Table 2 . In our continuum prescription, the multicolor disk component is the accretion disk while the blackbody component is likely boundary layer emission from the NS. Both the blackbody and disk components exhibit slight variations in their temperatures and normalizations, but there is no clear correlation among the parameters or the source flux, likely due to the large neutral column which introduces degeneracies in our continuum fits. The 0.5 − 10 keV absorption-corrected luminosity varies on the order of 10% across all observations, L X ≈ (7.3 − 8.6) × 10 37 erg s −1 .
Broad Iron Emission Line
Broad iron emission lines are common to both BH and NS LMXBs (White et al. 1986; Asai et al. 2000) . In NS binaries, possible origins include the inner accretion disk, an accretion disk corona, and an ionized accretion disk wind, with the line being broadened by relativistic, Compton scattering and electron down-scattering mechanisms, respectively.
A broad iron emission line has previously been seen in the spectra of GX 13+1 with multiple X-ray instruments including ASCA, XMM /EPIC, RXTE /PCA and Chandra HETGS (Asai et al. 2000; Ueda et al. 2001; Sidoli et al. 2002; Ueda et al. 2004; Díaz Trigo et al. 2012; D'Aì et al. 2014) . Although nearby Fe Kα absorption features make it difficult to constrain the emission line's parameters, its energy and EW have been found to be variable. A 1994 ASCA observation revealed an emission line with energy 6.42 ± 0.08 keV, σ < 220 eV, and EW=19±8 eV (Asai et al. 2000; Ueda et al. 2001) , while in XMM observations the emission line had higher energies (6.5 − 6.8 keV) and significantly larger widths (σ = 0.7 − 0.9 keV) and EWs (100 − 200 eV) (Sidoli et al. Table 2 Parameters for DiskBB+BB+PL Continuum Model . Left: combined HEG and MEG ± 1 orders for all five TE mode observations (data plotted in black) fit with a disk plus blackbody continuum and gaussian absorption features (shown in red). The continuum model without simple_gpile2, plotted in blue, shows how the spectrum would appear without pile-up. Additional structure in the silicon edge is seen in the residuals near 6.6 Å. Right: The continuum fit to the combined TE mode observations (black) along with the combined RXTE /PCA observations (blue). The disk, blackbody, and powerlaw contributions are plotted in green, orange, and purple, respectively. The Chandra HETGS data are well fit in the 6 − 7 keV (≈ 1.8 − 2 Å) range with two narrow absorption features corresponding to the Kα transitions of Fe XXV and Fe XXVI (See Section 3.2), but an excess of positive residuals is apparent (see the top panel of Figure 3 ). The RXTE /PCA data cannot resolve the narrow iron absorption features but require an "edge-like" feature at 7.1 keV; this feature does not appear as an edge in the Chandra or XMM data.
The best joint fit to the Chandra and RXTE data is achieved when a broad emission line is added to the Chandra continuum model, along with the two narrow absorption features, while only an edge is fit to the RXTE data. The improved fit to the Chandra data with the emission line is shown in the bottom panel of Figure 3 .
We allowed the RXTE /PCA edge energy to vary even though fixing the edge energy did not affect the quality of the fits. Simply fitting two narrow absorption features and a broad emission line to both the Chandra and RXTE did not work, implying there is additional absorption outside our Chandra band that is unresolved with RXTE. Díaz Trigo et al. (2012) reported additional narrow iron absorption features at 7.91 and 8.24 keV.
The broad emission line's properties are listed in Table 3. We found the broad line had typically energies of 6.48 − 6.60 keV (1.88 − 1.91 Å), σ = 0.18 − 0.29 keV, and EWs of 20 − 40 eV, more consistent with the emission line properties when observed with ASCA (Asai et al. 2000; Ueda et al. 2001 ) than with XMM /EPIC even considering the large XMM error bounds (Díaz Trigo et al. 2012) . We see a weak correlation between the broad emission feature's EW and the source's hard flux which has also been seen in XMM /EPIC data of GX 13+1; the broad emission line's EW is smallest (largest) in 11814 (11816), when the source is at its faintest (brightest) lu- Table 3 Broad Fe emission gauss parameters
6.58 ± 0.13 0.29 ± 0.15 2.27 ± 1.12 29 ± 14 11815 6.54 ± 0.08 0.21 ± 0.07 2.26 ± 0.80 28 ± 10 11816 6.60 ± 0.07 0.25 ± 0.08 3.05 ± 0.98 38 ± 12 11814 6.53 ± 0.09 0.18 ± 0.10 1.49 ± 0.68 21 ± 10 11817 6.48 ± 0.10 0.26 ± 0.11 2.30 ± 0.86 28 ± 11 minosity in this set of observations. We do not, however, observe the correlation between the narrow iron absorption features' EWs and the broad emission line's EW reported by Díaz Trigo et al. (2012) .
3.2. Narrow Line Fits We focused on known absorption features in GX 13+1's spectrum, i.e. those identified by Ueda et al. (2004) . We combined all HEG and MEG m = ±1 orders using the ISIS combine_datasets function. Using a powerlaw to fit the local continuum within ± 1 Å of the line center, we fit a gaussian function to the absorption feature ignoring nearby absorption features and edges. Line shifts, turbulent velocities (computed from the gaussian FWHM) and EWs were calculated for each absorption feature in each observation.
As previously mentioned in Section 3.1.1, pile-up reduces the measured EW. To estimate the pile-up suppression, we calculated each absorption line's EW with and without the simple_gpile2 pile-up component evaluated in our broadband continuum model. The ratio of the the EWs without and with the pile-up model was a multiplicative correction factor to the EW calculated with the method outlined in the previous paragraph, which provided the best local continuum fit and, hence, the best measure of the EW. As visible in Figure 2 , pileup is most severe near 3 Å, agreeing with our correction factors which were largest for the Ca XX and Ar XVIII EWs (approximately 10% and 5%, respectively) at 3.01 and 3.73 Å. For the other absorption features, the EWs were suppressed by less than 5%. The EWs in Table 4 and Figure 4 have been corrected for pile-up.
Our gaussian line parameters are shown in Table 4 . The Kα transitions of Fe XXVI, Fe XXV, Ca XX, S XVI, Si XIV and Mg XII were detected in all of the Chandra HETGS observations. The Kα Ar XVIII is absent in ObsID 11814. The abundance of absorption features in the GX 13+1 spectra is in contrast to the XMM observations analyzed in Díaz Trigo et al. (2012) , where the only disk wind absorption features present were the the Kα and Kβ transitions of Fe XXVI and Fe XXV. The Chandra HETGS observations lack the signal-to-noise ratio (S/N) above 8 keV to study the iron Kβ transitions, if present.
The Fe XXVI, Fe XXV, S XVI and Si XIV EWs across the two week observation period in 2010 July and August are shown in the top and middle panels of Fe-XXVI 610 ± 80 1210 ± 150 48.0 ± 5.0 Fe-XXV 860 ± 160 1250 ± 280 24.0 ± 5.0 Ca-XX 550 ± 140 410 ± 210 2.9 ± 0.8 Ar-XVIII 440 ± 180 210 ± 100 1.2 ± 0.6 S-XVI 480 ± 70 450 ± 140 2.9 ± 0.6 Si-XIV 490 ± 50 460 ± 90 2.6 ± 0.3 Mg-XII 310 ± 160 600 ± 260 1.6 ± 0.8 11815 Fe-XXVI 740 ± 80 1050 ± 150 44.0 ± 4.0
Fe-XXV 980 ± 140 1220 ± 240 26.0 ± 4.0 Ca-XX 550 ± 160 100 ± 50 2.5 ± 0.7 Ar-XVIII 620 ± 200 300 ± 150 1.3 ± 0.7 S-XVI 610 ± 110 590 ± 230 2.6 ± 0.6 Si-XIV 590 ± 60 540 ± 110 2.6 ± 0.4 Mg-XII 560 ± 120 370 ± 180 1.1 ± 0.7 11816 Fe-XXVI 930 ± 100 1200 ± 170 41.0 ± 4.0
Fe-XXV 1210 ± 70 50 ± 20 11.0 ± 3.0 Ca-XX 450 ± 750 800 ± 400 1.5 ± 0.9 Ar-XVIII 530 ± 280 370 ± 180 1.0 ± 0.7 S-XVI 880 ± 230 30 ± 10 1.1 ± 0.6 Si-XIV 670 ± 80 230 ± 120 1.3 ± 0.3 Mg-XII 80 ± 900 810 ± 410 0.7 ± 3.0 11814 Fe-XXVI 730 ± 130 1140 ± 240 34.0 ± 5.0
Fe-XXV 930 ± 220 320 ± 160 11.0 ± 4.0 Ca-XX 830 ± 370 390 ± 190 1.5 ± 0.8 S-XVI 390 ± 160 440 ± 220 1.7 ± 0.7 Si-XIV 270 ± 80 530 ± 140 2.2 ± 0.5 Mg-XII 280 ± 290 540 ± 270 1.0 ± 1.0 11817 Fe-XXVI 500 ± 90 810 ± 180 34.0 ± 4.0
Fe-XXV 590 ± 230 1240 ± 380 17.0 ± 5.0 Ca-XX 560 ± 290 200 ± 100 1.4 ± 0.7 Ar-XVIII 280 ± 360 450 ± 220 1.2 ± 0.7 S-XVI 390 ± 100 110 ± 50 1.9 ± 0.5 Si-XIV 380 ± 50 330 ± 100 2.2 ± 0.3 Mg-XII 320 ± 100 50 ± 20 0.8 ± 0.5 11818 Fe-XXVI 390 ± 100 530 ± 270 31.0 ± 3.0
Fe-XXV 810 ± 210 700 ± 350 15.0 ± 3.0 Ca-XX 430 ± 310 840 ± 420 2.9 ± 1.0 Ar-XVIII 690 ± 380 110 ± 50 0.6 ± 0.3 S-XVI 370 ± 150 210 ± 100 1.6 ± 0.6 Si-XIV 340 ± 80 230 ± 120 1.4 ± 0.4 Mg-XII 330 ± 210 210 ± 110 0.6 ± 0.3 13197 Fe-XXVI 870 ± 200 1210 ± 460 40.0 ± 7.0
Fe-XXV 880 ± 220 1280 ± 440 33.0 ± 6.0 Ca-XX 630 ± 280 620 ± 310 4.0 ± 2.0 Ar-XVIII 370 ± 250 640 ± 320 2.8 ± 1.0 S-XVI 450 ± 160 470 ± 240 3.1 ± 1.0 Si-XIV 560 ± 90 570 ± 140 3.5 ± 0.6 Mg-XII 240 ± 320 570 ± 290 2.0 ± ing region could produce the observed decrease in the S XVI, Si XIV, and Fe XXV EWs while not necessarily producing any significant change in the Fe XXVI EW.
We compared the blueshifts of the Fe XXV and Fe XXVI lines with an average of the S XVI and Si XIV line shifts, shown in the bottom panel of Figure 4 . The iron lines appear to exhibit larger blueshifts (500 − 1200 km s ). This trend may be related to the decreasing spectral resolution at lower wavelengths in the iron region or may indicate distinct absorption zones with different outflow velocities in the disk wind. Additionally, the Fe XXV line exhibits a consistently higher blueshift than the Fe XXVI line, which could indicate that multiple kinematic components produce the iron absorption features. However, the error bounds on the velocities prevent us from claiming the existence of two or more kinematic components. We do see systematic changes in the outflowing plasma's blueshift between observations, as previously reported by Madej et al. (2014) . The average blueshift between the two sets of lines increases from ≈ 675 to ≈ 850 km s six days later (ObsID 11818).
Manganese and Chromium Lines
In the 2001 Chandra observation of GX 13+1 (ObsID 2708), Ueda et al. (2004) reported Mn XXV and Cr XXIV absorption with EWs of 3.6 and 4.1 eV, respectively. In our analysis of ObsID 2708, we were able to fit absorption features with EWs of 3.5±0.9 and 3.4 +0.9 −1.6 eV but we consider the manganese line consistent with noise. As ObsID 2708 exhibits similar continuum parameters and fluxes as the other observations, we combined all TE mode HEG ±1 orders to increase the S/N in the 1.9−2.1 Å band, see Figure 5 . No Mn XXV absorption is present, while a possible narrow (σ < 0.005 Å) Cr XXIV line is observed at 2.088 Å; the line energy corresponds to a blueshift of ≈ 700 km s −1 , which is consistent with the blueshifts we observed in the individual TE mode observations (500 − 1000 km s −1 ).
Photoionization Model
In essentially all LMXB disk winds, the absorbers have temperatures below the threshold of a collisionally ionized plasma (k B T e ≈ E I , where T e is the electron temperature, E I is the ionization energy of the plasma ions). In our Chandra HETGS spectra, we modeled the absorption line features with the photoionized plasma warmabs (v.2.27) multiplicative component in ISIS. Simultaneously fitting the continuum and the absorption features of the Chandra data, the combined function followed the prescription: simple_gpile2 [ tbnew × (warmabs × (diskbb+bbodyrad+powerlaw)) + emission ]. The RXTE data were included in our fits, but the warmabs model was not applied to the PCA spectrum.
XSTAR Parameters
The warmabs model fits the plasma's bulk properties: ionization state, column density, outflow velocity, and turbulent velocity broadening. The ionization state is characterized by the ionization parameter:
which depends on the ionizing luminosity (L), the electron density (n e ), and the distance from the ionizing source (R) (Tarter et al. 1969) . Ion level populations used in our warmabs fits were calculated with XSTAR v2.33 . XSTAR simulates a spherical gas shell with a uniform density, illuminated by a central ionizing source. We ran XSTAR with a column density of N H = 10 17 cm −2 to remain within the optically thin limit ( 10 24 cm −2 for ionization parameters 2.5 ≤ log ξ ≤ 5).
Measurements of the disk wind plasma density are rare, as the vast majority of the absorption features are not sensitive to density. A measurement of the wind plasma density (log n = 14 cm −3 ) has only been made for one source, BH LMXB GRO J1655−40, due to the presence of rare density-sensitive absorption features in its soft state spectrum (Miller et al. 2008 ). Simulations of accretion disks and thermally launched winds predict plasma densities at lower values in the range of log n = 11 − 13 cm . Densities of log n = 12 cm −3 are commonly used in disk wind studies, and we adopt this value in our analysis.
In XSTAR we simulated plasmas illuminated by different types of ionizing spectra across the 1eV to 100 MeV energy range, including a generic powerlaw (Γ = 2), and our RXTE /PCA−Chandra HETGS GX 13+1 continuum. It is common to run XSTAR simulations with a powerlaw ionizing spectrum, and while LMXB spectra can be roughly approximated by a powerlaw, it is not a physically consistent model, especially across the broad energy range in which the ion populations are generated. A more realistic ionizing spectrum based on our continuum model included a multicolor disk, a blackbody plus a high-energy powerlaw component that is cut-off below the blackbody temperature. Log(ξ)=4 Figure 6 . Thermal stability curves for two ionizing spectra. A powerlaw (blue curve) generates a plasma with a significantly higher temperatures than a thermal ionizing spectrum (red curve). The black lines are lines of constant ionization parameter (log ξ = 3, 4 for bottom/top, respectively); the thermal stability curves span ionization parameters 2 ≤ log ξ ≤ 5, and both simulated plasmas have densities of 10 12 cm −3 .
From the XSTAR output we generated thermal stability curves (log( ξ T ) versus log(T )) for different ionizing spectra, shown in Figure 6 . Portions of the thermal stability curves with negative derivatives correspond to unstable solutions. It is generally agreed that one does not expect to observe ion signatures corresponding to plasmas with temperatures and ionization parameters along the unstable branch. This phenomenon has been invoked to explain the absence of ionized absorption features in BH LMXBs' hard state spectra. Unstable solutions correspond to a large range of unstable ionization parameters (3.55 ≤ log ξ ≤ 4.2). This range happens to correspond with the peak fractions of many H-like and He-like ion species, making them essentially unobservable, which is in agreement with the absence of disk wind absorption features observed in the hard state (Chakravorty et al. 2013; Bianchi et al. 2017 ).
From Figure 6 it is obvious that the nonthermal powerlaw ionizing spectrum produces very different plasma behavior (blue curve), occupying a temperature domain hotter for any given ionization parameter compared to a realistic thermal ionizing spectrum (red curve). As GX 13+1's spectrum did not change significantly between any of the observations, the ionizing spectrum input into XSTAR is essentially the same from one observation to another. To aid in comparing differences in warmabs parameters between observations, we used the population file generated with the ObsID 11815 ionizing spectrum in all of our warmabs fits.
Warm Absorber Fits
In our warmabs modeling, we allowed for warm absorber column densities between N H = 10 . In fits with a single warm absorber, we were able to constrain the broad emission feature, but to reduce the number of variable parameters, we froze the broad emission param- 24.7 ± 1.3 4.13 ± 0.03 400 ± 40 680 ± 30 4.99 ± 0.88 . . . 2.9 ± 0.8 4.4 ± 0.5 3.0 ± 0.4 3.2 ± 1.0 1.164 (6040) 11815 20.9 ± 1.1 4.10 ± 0.03 400 ± 40 780 ± 40 5.22 ± 0.91 . . . 3.0 ± 0.9 4.4 ± 0.4 3.0 ± 0.4 2.6 ± 0.9 1.148 (5962) 11816 18.0 ± 1.6 4.22 ± 0.06 680 ± 160 1030 ± 60 3.85 ± 1.51
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eters to the values found in Table 3 .
We found our warmabs fits depended significantly on our incident ionizing spectrum. For a powerlaw ionizing spectrum, one absorber could produce all seven accretion disk wind absorption features at their observed line widths and depths, while a more physically motivated ionizing spectrum of an accretion disk, a blackbody plus high-energy powerlaw, required multiple absorbers to produce all seven major features, unless we allowed for non-standard abundances.
With an ionizing spectrum based on extrapolating the 1.4 − 40 keV Chandra and RXTE continuum model, a single warmabs component can produce absorption close to the observed levels, but the correct Fe XXV/Fe XXVI ratio is not produced, and the turbulent velocities (WA v turb < 200 km s ). Fit parameters for a single warmabs component are shown in Table 5 . The warmabs fit with a variable turbulent velocity is shown in red in Figure 7 ; the lower ionization energy lines are visibly too narrow. We found this issue arose in all of the observations when fit with a single warmabs component if standard abundances were assumed.
We calculated an average turbulent velocity for each observation based on our gaussian fits to the S XVI and Si XIV features as they are the strongest absorption lines in the portion of the spectrum with the highest spectral resolution. Fixing the warmabs v turb parameter to our gaussian velocity widths, the high-ionization parameters required to produce the iron lines (log ξ ≈ 4.1), significantly under-fit the sulfur, silicon, and magnesium lines. Additionally, the χ 2 ν values are significantly worse with the v turb parameter fixed. In Figure 7 , the warmabs fit with a single absorber with a fixed turbulent velocity is shown in green.
All of the aforementioned warmabs modeling have assumed standard Wilms solar abundances (Wilms et al. 2000) , except for calcium, which is required to vary in all warmabs fits. If we allow the warm absorber's abundances to vary (in addition to calcium's), one absorber can provide reasonable fits to all of the absorption features and match the expected turbulent broadening; details of the fits are listed in Table 5 . Allowing only the iron abundance to vary requires iron abundances 30% relative to solar, although the iron abundances are not consistent between observations and the Si XIV absorption line is still underfit. With the iron abundance relative to solar fixed to unity and allowing the calcium, argon, sulphur, silicon, and magnesium (i.e. the other major absorption feature elements) abundances to vary, requires overabundances (2 − 6)× solar values, but provides a better fit than allowing only the iron abundance to vary. We acknowledge that a single absorber with super-solar Ca, Ar, S, Si, and Mg abundances is a possible solution to the absorption complex modeling, but we continued to search for solutions with fewer variable abundances, finding that multiple absorption zones were required. Figure 7 . Chandra HETGS data for ObsID 11815 are shown in black for the iron line region (top), S XVI (middle), and Si XIV absorption features. The warmabs model in red shows a fit with a single absorber and variable turbulent velocity; the iron lines are well fit, but the absorber has a small turbulent velocity (v turb ≈ 120 km s −1 ) and the predicted sulfur and silicon lines are too narrow. In green, we plot the resulting fit when the warmabs v turb parameter is fixed to the turbulent velocity value calculated from the gaussian line fits (490 km s −1 ); the produced sulfur and silicon absorption is far below what is observed. These results demonstrate that at least two absorbers are required to fit the iron, sulfur, and silicon lines to match their observed velocity-broadened widths and EWs, unless non-standard abundances are allowed.
The Fe XXVI absorption feature's large EW (30 − 45 eV) and, in particular, its width relative to Fe XXV, was the first indication that a warm absorber with ionization parameter log ξ 4 is present in GX 13+1's spectrum. All accretion disk wind LMXBs show absorption lines from Fe XXV and/or Fe XXVI, which can be modeled by photoionized plasmas with log ξ 3. Unlike most BH and NS disk wind sources where only iron lines are observed, GX 13+1's spectrum exhibits significant absorption from ions with lower ionization parameters (for example, the Si XIV Kα absorption line is at ≈ 2 keV with EWs of 1.2 − 2.9 eV), indicating a less ionized plasma is also present.
Adding more warmabs components, we found the narrow absorption features could be successfully modeled with two or three warm absorbers, see Table 6 . In both scenarios, the calcium and magnesium abundances were allowed to vary in order for their full EWs to be modeled. Fitting with two warmabs components, the iron lines are associated with a highly ionized absorber (log ξ ≈ 4.1, N H,22 ≈ 10 − 20), while the silicon, sulfur, magnesium, calcium, and argon lines are partially produced by a much less ionized absorber (log ξ ≈2.9, N H,22 ≈ 0.3 − 0.8). The two components exhibit similar turbulent velocities (v turb ≈ 100 − 800 km s ). In a model with three warmabs components, which may not be a unique solution, one highly ionized absorber (log ξ ≈ 4.25, N H,22 ≈ 20 − 30) generates almost exclusively Fe XXVI Kα absorption, a second absorber (log ξ ≈ 3.5, N H,22 ≈ 0.1 − 0.4) produces significant Fe XXV absorption along with some of the lower energy lines (S XVI, Si XIV, etc.) and a third absorber produces (log ξ ≈ 2.95, N H,22 ≈ 0.4 − 0.8) the rest of the S XVI, Si XIV, and Mg XII absorption features. Similar to our findings with a two warmabs-componentmodel, the component associated with the Fe XXVI line had a larger blueshift (v out = 800 − 1200 km s ). For both the two-and three-warmabs-component solutions, we find the lowest ionization component (log ξ ≈ 2.9) produces Si XIII absorption around 1.865 keV (6.65 Å) in the silicon edge, as predicted by Schulz et al. (2016) .
For the three warmabs fits, we assessed the error bars by performing a Markov chain Monte Carlo (MCMC) analysis using a code implemented for the ISIS package based upon the methods described in Foreman-Mackey et al. 2013 . (See the description of this ISIS script in Murphy & Nowak 2014.) We evolved a set of 320 "walkers" (10 per free parameter in the fit) until the MCMC probability distributions reached equilibrium, as judged by the parameter probability histograms from the final quarter of steps in the chain being nearly identical to the probability distributions from the third quarter of chain steps; 90% confidence level error bars were then calculated from the parameter probability distributions using the final third of chain steps. Table 6 Multiple warmabs component fits (5869) a Variable calcium and magnesium abundances are required. b The 90% error bounds for the three warmabs fits were estimated with Markov chain Monte Carlo runs. Bounds for the other observations are similar to those stated for ObsID 2708. c The turbulent and blueshift velocities were tied between the WA(1) and WA(2) components for the 3 warmabs components model. d The WA(2) and WA(3) calcium abundances were tied.
Accretion disk wind absorption line variability, attributed to changes in accretion flow, has been seen on both short (≈ ks) and long (days→months) timescales. On timescales down to tens of seconds, Neilsen et al. (2011) correlated dramatic cyclical changes with a period of ≈ 50 s in the illuminating continuum to changes in the accretion disk wind column density in GRS 1915+105. On timescales of tens of ks in GRS 1915+105, Lee et al. (2002) found changes in the accretion disk flux and the accretion disk wind density drive changes in the iron absorption features.
In previous analyses of GX 13+1, variability has been claimed on day and kilosecond timescales (Ueda et al. 2004; Díaz Trigo et al. 2012 ). While Sidoli et al. (2002) found no significant changes on day timescales in the Fe XXV and Fe XXVI Kα EWs, Díaz Trigo et al. (2012) found significant correlations between the hard flux (6 − 10 keV) and the ionization state and column density of the absorber in their five XMM /EPIC observations, which were taken days to weeks apart from one another. Ueda et al. (2004) claimed variability in the absorber's ionization on timescales of five ks in the 2002 HETGS observation of GX 13+1; changes in the iron lines' ratio appeared to be correlated with the continuum flux.
We compared our measured wind properties with GX 13+1's position along its Z tracks, which are plotted in Figure 1 . All of the Chandra observations occurred while GX 13+1 was on the NB and HB; blueshifted absorption features detected in all of these observations suggests these branches are both strongly associated with an accretion disk wind. Strong radio emission commonly associated with jets has also been observed at the vertex of the NB and HB along one of the Z tracks (Homan et al. 2004) , which suggests accretion disk winds and jets can be simultaneous in LMXBs and is the subject of the work of Homan et al. (2016) .
During several of the Chandra observations, GX 13+1 exhibited significant movement along the CD. While the GX 13+1 light curves do not suggest significant changes or trends in the source's intensity during the observations despite the known motion along the Z track, we investigated whether the accretion disk wind exhibits variability on small timescales as reported by Ueda et al. (2004) by breaking the observations into 10 ks time segments, the minimum amount time required to achieve meaningful constraints on the flux and EWs.
For each time segment, we fit the Chandra HETGS data with a continuum model, simple_gpile2 [ tbnew × (warmabs × (diskbb+bbodyrad+powerlaw))+emission-absorption], where the emission is the broad gaussian emission frozen to the values in Table 3 , and the absorption is the Fe XXVI and Fe XXV narrow gaussian features. We plotted the powerlaw normalization as a function of the RXTE orbit and did not find significant variability within any observation allowing us to fix the powerlaw normalization to the values in Table 2 . We calculated the Fe XXVI and Fe XXV Kα lines' EWs and plotted them against the hard 8 − 10 keV flux in each 10 ks segment (see Figure 8) .
Overall, both the Fe XXVI and Fe XXV EWs exhibit a correlation with the 8 − 10 keV flux; as the hard flux increases, the EWs also decrease. Looking at individual observations, the hard flux evolves across the 10 ks segments as expected with their movement along the CD (see Figure 1) . For example, in ObsID 11817 GX 13+1 moves along its Z track from the NB/HB vertex to the NB/FB vertex, during which both the soft and hard colors decrease. In Figure 8 , GX 13+1 can be found in the first 10 ks of the observation with an 8 − 10 keV flux of 5.2 × 10 10 erg s
; the hard flux decreases throughout the observation as the Fe XXVI and Fe XXV EWs both increase. The Fe XXVI EW increases by over 50% while the Fe XXV EW nearly doubles.
In a disk wind model where two absorbers are present, one absorber produces both of the Fe Kα lines. The EW ratio (Fe XXV EW / Fe XXVI EW) is a probe of the ionization state. The errors in the EW ratios, however, are too large to interpret relative changes in the absorption features during any of the observations. The apparent correlation between both the iron lines' EW and the 8 − 10 keV flux does not support a change in the ionization state. For both the Fe XXVI and on Fe XXV EWs to decrease with the hard flux, the ionization state must remain remain constant while the wind column density decreases. If one absorber produces the Fe XXVI line and another produces the Fe XXV line, as is the case in our three-absorber model, the trend could be produced by several scenarios involving changes in both the ionization states and/or the column densities. 
DISCUSSION
As the number of high-resolution observations of disk wind systems has grown over the past decade, it has become increasingly clear that disk winds play a critical role in the overall accretion process in both BH and NS LMXBs. GX 13+1 is one of only three NS narrow absorption line systems that shows a definitive outflow; IGR J17480-2446 (Miller et al. 2011 ) and Cir X-1 (Brandt & Schulz 2000) are the others. In contrast, all BH narrow line systems exhibit blueshifts (Díaz Trigo & Boirin 2016) . GX13+1 is bright, accreting at more than 50% Eddington and displays seven major absorption features, the most amongst NS disk wind systems, revealing a detailed view of the absorbing plasma's properties. Its simultaneous Chandra HETGS and RXTE /PCA observations offer the unique chance to study the disk wind properties along the source's horizontal and normal branches.
The abundance of high-S/N observations of GX 13+1 have allowed us to perform a detailed analysis of the disk wind absorption spectrum in GX 13+1. We have fit the Chandra and RXTE 1.5 − 40 keV spectrum and performed direct line fits of the seven strongest absorption features, including hydrogen-and helium-like iron Kα lines and the Kα lines from hydrogen-like Ca, Ar, S, Si, and Mg. Through careful photoionization modeling of the absorption features, we found multiple absorbers were required to produce the observed disk wind signature, unless nonstandard abundances were assumed.
Multiple Absorbers in Accretion Disk Winds
Previous analyses of the accretion disk wind in GX 13+1 required only one warm absorber, while we find at least two absorbers are necessary. The disagreement may be a result of inherent variability or our improved treatment of the ionizing spectrum. In the five XMM observations Díaz Trigo et al. (2012) found significant absorption due to the Kα and Kβ transitions of Fe XXV and Fe XXVI. Evidence of absorption due to the lower energy transitions in Si XIV, Si XIII, S XV, S XVI, and Ca XX were present in several observations. The measured EWs were compatible with a single, highly ionized absorber with log ξ = 4 (Díaz Trigo et al. 2012) . If only one absorber was indeed present in the XMM observations, it would indicate variability in the wind's ionization state, as the lower-ionization components we see in our Chandra observations are absent. However, the low energy resolution of the XMM /EPIC observations makes the detection of the narrow, less ionized absorption features unlikely even if they were present.
In the best fits to our data, we found at least two absorption zones with different ionization parameters and outflow velocities were required to produce the observed disk wind signature. Multiple absorbers have been seen in disk wind systems before. Evidence of multiple velocity components was seen in LMXB BH GRO J1655-40 (Kallman et al. 2009; Neilsen & Homan 2012) . Taking a closer look at the iron line region (6 − 8 keV) in the third-order HEG spectra of four BH disk wind systems, including GRO J1655-40, Miller et al. (2015) found fits with two or more absorption zones, significantly improved their fits.
Specifically, among NS systems with narrow line absorption features, multiple absorption zones are not uncommon; three have one low-ionization component (log ξ < 3) and one high-ionization component (log ξ > 3) (Díaz Trigo & Boirin 2016) . Absorption features associated with ions observed in GX 13+1's spectrum, including S XVI, S XIV, and Mg XII, have also been observed in the NS binaries 4U 1916-05 and Cir X-1. In 4U 1916-05, an accretion disk atmosphere source, the Fe XXV and Fe XXVI features were produced by an absorber with log ξ ≈ 4.15 while the S, Si, Mg, and Ne lines were as-sociated with a much less ionized component, log ξ ≈ 3 (Iaria et al. 2006) . Similarly, in GX 13+1 we found absorption zones with log ξ = 2.9 − 3.5 produced the less ionized features. While the absorption features in Cir X-1 were very broad (FWHM ≈ 2000 km s −1 compared to the 400-600 km s −1 we observe in GX 13+1), they exhibited strong P-Cygni profiles, supporting the interpretation that the lines are due to an accretion disk wind (Brandt & Schulz 2000; Schulz & Brandt 2002) .
Observing multiple absorption zones in an accretion disk wind will provide multiple measurements of the plasma's outflow velocities and ionization parameters and will help probe the disk wind structure and, hence, the wind launching mechanism. Our analysis highlights the importance of not using an approximated ionizing spectrum, such as a powerlaw, in the XSTAR analysis. A re-analysis of the warm absorber modeling in disk wind sources may reveal multiple absorption components previously not identified. Future X-ray instruments with higher energy resolution and larger effective area will allow us to see more and more absorption line components, as weak lines become visible and blended lines become resolved (Kallman et al. 2009 ).
In disk wind and disk atmosphere systems where multiple absorbers provide the best fit the to absorption line complex, the absorption zones are usually typified by distinct ionization states or by outflow velocity. In GX 13+1, the absorption zones differ by the associated column, ionization state, and velocity. These multiple absorption zones may be a natural signature of a smooth outflow. Simulations of Compton-heated winds suggest the absorption line complex may be characterized by two or three ionized zones (Giustini & Proga 2012; Higginbottom & Proga 2015) . Alternatively, the different ionization zones may correspond to "clumps" of outflowing material, challenging the assumptions of a continuous and homogenous outflow. In this scenario, one might expect strong temporal variability in the absorption line features due to the noncontinuous outflow of absorbing material. As we see the same absorption features in all seven observations that span almost 10 years of monitoring, and model the absorption zones with similar ionization parameters and column densities, this suggests a relatively continuous and smooth outflow as opposed to large, separate physical clumps of outflowing material.
Disk Wind Launching Mechanism
Compton heating and magnetic driving are considered the most viable mechanisms in X-ray binary disk wind systems. For several BH wind systems (e.g. GRO J1655-40 and GRS 1915+105), there have been claims of magnetic driving based on small inferred wind launching radii (Miller et al. 2006 (Miller et al. , 2016b , but see also Neilsen et al. 2016 and Shidatsu et al. 2016 for an alternative explanation). Unusual wind properties or changes in wind properties within a single outburst have also driven the formulation of hybrid wind theories (Neilsen & Homan 2012) .
Previous studies of the disk wind in GX 13+1 have found that it is consistent with Compton heating (Sidoli et al. 2002; Díaz Trigo et al. 2012,?; Madej et al. 2014) , although Ueda et al. (2004) proposed radiationdriven wind based on a model where radiation driving could be effective at sub-Eddington luminosities. The question of the wind launching mechanism in any disk wind system is often answered by determining the wind launching radius (R L = L nξ ); this is approximated as the radius where we observe the innermost absorption region which is estimated from the definition of the ionization parameter (Eqn. 1). As previously discussed in Section 3.3.1, the largest uncertainty in disk wind observations is the plasma density. It is also the largest uncertainty in determining the wind launching radius and, hence, the wind mechanism. We have no independent measurement of the plasma density in GX 13+1, so for this reason and for consistency we use the same electron density we used to calculate our population levels in XS-TAR, n = 10
. Uncertainty in the bolometric luminosity is the second largest source of error in determining the wind launching radius. The bolometric luminosity is estimated from the X-ray luminosity, which can be significantly underestimated when there is a high opacity along the line of sight, the exact conditions when observing highly inclined disk wind systems (Díaz Trigo & Boirin 2016) . While there is a large neutral column density (N H,22 > 1) toward GX 13+1, as well as a warm absorber with an even larger column density (N H,22 ≈ 30), we benefit from simultaneous RXTE observations in estimating a broadband flux. Homan et al. (2016) found that GX 13+1 was accreting at nearly its Eddington limit, L = (1.2 − 1.3) × 10 38 erg s −1 (≈ 0.7 − 0.8 L Edd ) across 0.1-100 keV, while in this work we estimated slightly lower Eddington fractions (≈ 0.45 L Edd ), in part because we did not include the powerlaw flux below ∼ 2.5 keV. Both estimates of the bolometric luminosity are likely a lower bound because the accretion disk's flux has not been corrected for inclination and because of the luminosity suppression associated with the source's high obscuration, as previously mentioned. The highest ionization parameter we detected in our observations of GX 13+1 was log ξ ≈ 4.3. Rewriting the launching radius in terms of our estimates for the density and luminosity, we find
Our launching radius is consistent with other published estimates, R L ≈ 10 10−11 cm (Ueda et al. 2004; Díaz Trigo et al. 2012; D'Aì et al. 2014) , despite the variety of luminosities and densities used to estimate the radius. Compton-heated winds can be launched outside of the 0.1× Compton radius, R C (Begelman & McKee 1983) . The Compton radius, R C , is given by:
where M NS is the NS mass and T C is the Compton temperature defined as:
From our Chandra observations, we calculate a typical Compton temperature of 1.3 × 10 7 K (see the red curve in Figure 6 ), which translates to a Compton radius of 8 × 10 10 cm and is comparable with our wind launching radius. As a Compton-driven wind can be launched just beyond 0.1 R C , this means a Compton wind can be launched an order of magnitude closer to the central NS than our calculated wind launching radius, R L .
As Tomaru et al. (2018) has recently demonstrated in the particular case of GX 13+1, at high Eddington fractions, electron (radiation) pressure likely contributes to the wind driving. The electron pressure reduces the local effective gravity and, hence, the local escape velocity; this effect makes it easier for Comptonheated winds to be launched at smaller and smaller radii (Proga & Kallman 2002; Homan et al. 2016; Done et al. 2018; Tomaru et al. 2018) . Applying an approximate theoretical correction factor to the Compton radius due to the effects of radiation pressure (see Eqn. 10 of Done et al. 2018) , the Compton radius moves inwards as the source brightens while the launching radius moves outwards (R L ∝ L 1 2 ). As GX 13+1 has a luminosity of at least 0.5 L Edd , it is well within the regime where electron pressure becomes significant . The Compton radius is likely at least an one order of magnitude smaller than our estimate with no electron pressure taken into consideration, making it even more robust to the Compton-heated wind criterion R L > R C . Additionally, Tomaru et al. (2018) demonstrated that a simplistic Compton-radiation driven wind (i.e. a wind with a hybrid driving mechanism) can begin to produce the iron absorption and emission line features in the ≈ 6.5 − 7 keV spectrum.
The estimated wind launching radius is also well within the accretion disk extent, R C < R L < R /mathrmDisk . The disk size can be estimated from the radius of the Roche Lobe (R Lb ) as R Disk ≈ 0.8R Lb . For an orbital period of 24 days, a NS mass of 1.4 M ⊙ and a binary mass ratio, q, of 1 lead to a semimajor axis, a, of 3.5 × 10 12 cm. We estimate a Roche lobe radius of approximately 1.3 × 10 12 cm (Eggleton 1983) and, hence, an approximate accretion disk extent of 10 12 cm, which is at least an order of magnitude larger than our wind launching radius. Thus, the condition R C < R L < R Disk is met and the accretion disk wind in GX 13+1 is consistent with a Compton-heated wind.
4.3. Wind Mass Loss GX 13+1 is one of the few NS systems with an accretion disk wind and the outflow is consistent with a Compton wind. In general, if the accretion disk is too small relative to the Compton radius, a Comptonheated wind cannot be launched although mass loss via jets is still possible. The accretion disk size may explain why blueshifts are not detected in ≈ 70% of highinclination NS LMXBs that exhibit narrow absorption features (Díaz Trigo & Boirin 2016) , indicating an ionized plasma is present but is in a static configuration as an accretion disk atmosphere rather than an outflow. Indeed, comparing the Compton radii and the accretion disk size in seven BH and NS warm absorber systems, including GX 13+1, Díaz Trigo & Boirin (2016) found systems whose absorption lines are not measurably blueshifted have disk sizes comparable or significantly less than the Compton wind launching radius (R Disk 0.1R C ).
Constraining the fraction of NS LMXBs that have disk outflows is critical to understanding the contribution of disk winds to galactic feedback. The mass driven from the binary system by a radial wind is given bẏ
Assuming a maximal covering fraction of unity will give us an upper limit on the mass loss rate. As before, we will use the plasma properties for the most ionized component in GX 13+1 and a bolometric luminosity of 1.2 × 10 38 erg s −1 ) with a v outflow of 1000 km s . This estimate assumes a homogenous and symmetric absorber. Other studies of GX 13+1 have inferred disk wind outflow rates between (0.8 − 2) × 10 −8 M ⊙ yr −1 (Ueda et al. 2004; Díaz Trigo et al. 2012 ), but still comparable to the mass accretion rate.
The wind's kinetic luminosity is given by
so even though the wind carries substantial mass from the system, the relatively low outflow velocity, using 1000 km s −1
as an upper limit, translates to a kinetic luminosity of L kinetic ≈ 10 −4 L Edd . This finding has been seen in the other BH and NS disk wind systems (Ponti et al. 2016) . While the low kinetic luminosity may mean accretion disk winds do not significantly contribute to galactic feedback, the kinetic luminosity of the wind relative to the source luminosity is consistent with a Comptonheated wind. The kinetic luminosity of a Compton wind cannot exceed the luminosity intercepted by the outer disk, which heats the accretion disk and powers the wind. Assuming a disk flaring angle of 10
• and efficiencies of 1−10%, converting the illuminating luminosity to kinetic power predicts Compton disk wind kinetic luminosities in the range of 10 −5.5 → 10 −3.5 L Edd (see Figure 3 in Ponti et al. 2016 ).
4.4. Future Investigations GX 13+1 is a complex system and worthy of further study. There is increasing evidence that plasma thermal instabilities could explain the lack of disk wind signatures in the hard state (Chakravorty et al. 2013; Bianchi et al. 2017) . While GX 13+1's plasma heating curve exhibits a thermal instability, it does not exclude a large range of ionization parameters, and an accretion disk wind is still active even during GX 13+1's hardest spectral states. As the instability regions depend strongly on the ionizing spectrum, an in-depth analysis should be performed for a wider variety of NS outburst spectra.
Finally, GX 13+1 is expected to exhibit an accretion disk wind while on the flaring branch of its Z track. High-resolution, soft X-ray observations and joint hard X-ray coverage would allow for the detection of the disk wind absorption features and determine the CD position.
These observations could produce a picture of the softer state accretion disk wind, whose properties could then be compared to this work's analysis of the accretion disk wind while the source was on the spectrally hard horizontal and normal branches.
